We have cloned two novel homeobox genes which are the mouse (Lbxl) and human (LBXl) homologs of the Drosophila lady bird genes. They are highly related not only within the coding region but also in 5' and 3' untranslated regions. Several amino acid residues inside and around the homeodomain, have been conserved between the mammalian Lbx genes and their Drosophila counterparts. The mouse Lbxl gene is located on chromosome 19 (region D) and the human LBXl gene maps to the related q24 region of chromosome 10, known as a breakpoint region in translocations t(7;lO) and t(10;14) involved in T-cell leukemias. Thus, LBXl and the protooncogene HOXll map to a common chromosomal region, as do their Drosophila counterparts, the lady bird and 93Bal genes. The mouse Lbxl gene is specifically expressed during embryogenesis. From lb.5 days of gestation, Lbxl expression is detected in the central nervous system and some developing muscles. In the CNS, Lbxl transcripts are expressed in the dorsal part of the mantle layer of the spinal cord and hindbrain, up to a sharp boundary within the developing metencephalon. Thus, Lbxl may be involved in spinal cord and hindbrain differentiation and/or patterning, and its restricted expression pattern could depend upon evolutionarily conserved inductive signals involving some mammalian Wnt and Pax genes, as is the case for Drosophila lady bird genes and wingless or gooseberry.
Introduction
Organisms as diverse as flies and humans use related gene families during development. The isolation of vertebrate Hex genes (see DollC and Duboule, 1993 for review) which are homologous to Drosophila homeotic (HOM) selector genes (Dessain and McGinnis, 1993 for review) provided considerable insight into the genetic control of axial pattern formation. Both Hox and HOM genes are clustered in multigene complexes whose overall organization has been evolutionarily conserved. Experiments involving either loss-of-function mutations (e.g. Lt.&in et al., 1991; Rijli et al., 1993) or ectopic expression (Kessel et al., 1991; Lufkin et al., 1992) have shown that murine Hox genes operate to specify positional information and thus function similarly to the Drosophila HOM genes. HOM and Hox genes act as transcriptional regulators, their DNA binding specificity depending on a 60 amino acid homeodomain encoded by a highly conserved homeobox motif (reviewed by Scott et al., 1989) .
In both invertebrates and vertebrates, more divergent homeoboxes have subsequently been identified in a number of developmentally active genes which map outside of the HOM and Hex complexes. Some of them act to define positional identities, others are involved in cell lineage determination or differentiation events. In Drosophila, the homeobox genes tinman, bagpipe (Azpiazu and Frasch, 1993) , H2.0 (Barad et al., 1988) and S59 (Dohrmann et al., 1990) are specifically expressed in mesodermal cell lineages. Among central nervous system (CNS) patterning genes, bsh (Jones and McGinnis, 1993 ) is expressed exclusively in the developing brain of the fly, and the seg-mentation genes ftz (Hiromi and Gehring, 1987) and eve have been shown to have both epidermal and neural functions. Similarly, the segment polarity homeobox genes en (Poole et al., 1985) and gsb (Li and Noll, 1993) have an early function in setting up the segmental pattern and a second phase of expression in specific subsets of cells in the CNS.
Many of these Drosophila genes were found to be evolutionarily conserved in vertebrate species and some of them have also retained similar functional properties. For instance, tinman (Azpiazu and Frasch, 1993) and its vertebrate counterpart Csx (Komuro and Izumo, 1993) , are both required for proper heart development, in fly and mouse embryos, respectively.
We have recently cloned two novel Drosophila homeobox genes, lady bird early (lbe) and lady bird late (lbl), that are tandemly linked in the 93D/E region of the third chromosome just distal to tinman and bagpipe, and are coordinately expressed in segmental patterns in the embryonic epidermis and CNS (Jagla et al., 1993 (Jagla et al., , 1994 . Both Lady bird homeodomains are highly related but differ from those of HUM gene products and all other known homeodomains at several amino acid positions. The homeodomain most related to the Lady bird type is encoded by the human T cell proto-oncogene HOXll (Kennedy et al., 1991 ) (57% identity) whose Drosophila homolog 93Bal (Kuziora and McGinnis, 1993) or 311 (Dear and Rabbitts, 1994 ) also resides in the 93D/E region of chromosome 3. lbe and lb1 gene expression is initiated sequentially in the same group of segmentally repeated epidermal cells (Jagla et al., 1994) and coincides with the expression of the segment polarity genes wingless (Baker, 1987) and gooseberry (Li and Noll, 1993 ).
Here we describe the cloning, structure and developmental characterization of the mammalian members of the lady bird homeobox gene family. We show that mouse Lbxl and human LBXI are orthologous genes which have been extremely conserved not only at the level of their protein coding sequence but also in large untranslated regions. Interestingly, the human LBXI and HOXlI genes map to the same chromosomal region, as do their Drosophila counterparts. Reverse transcription-PCR and in situ hybridization analysis revealed a temporally and spatially restricted expression of the mouse Lbxl gene in the developing CNS and muscles.
Results

2.1, Identification of mammalian lady bird-like homeoboxes
Sequence comparisons of both Lbe and Lb1 homeodomains with other Drosophila homeodomains indicated that the lady bird genes belong to a distinct class of homeobox genes (Jagla et al., 1994) . In order to search for mammalian members of lady bird gene family, we have used PCR assays with degenerate primers corresponding to the most divergent regions of the Lb1 homeodomain (Fig. 1A) . From both mouse and human genomic DNA we amplified a single band, corresponding in size (183 bp) to an intron-less homeobox sequence, in contrast to the Drosophila lb1 gene whose homeobox is interrupted by an intron (Jagla et al., 1993) . Sequence analysis confirmed that both mouse and human PCR products have homeobox sequences highly related to that of lb1 (Fig. 1B) and were therefore called Lbxl and LBXI (for 'Lady bird-like homeobox').
2.2. Mouse Lbxl and human LBXI are cognate genes and have a 'Hox-like' genomic structure Mouse and human genomic libraries were screened using the mouse Lbxl PCR fragment (or 'AC' fragment) as a probe. Four positive clones were isolated from both libraries (Fig. 1C ). Digestions and hybridization to the AC probe allowed us to identify the coding strands of DNA and thus the 5'-3' genomic orientations (Fig. IC) . From each species, a NotI-Not1 genomic fragment was subcloned, sequenced and shown to contain a homeobox identical to that of the corresponding PCR fragment (Fig.  1C) . Both mouse and human homeobox sequences are flanked by a consensus splice acceptor site 47 bp upstream, and by an in-frame stop codon 285 bp downstream of the homeobox ( Fig. 2A) .
In order to identify the entire LbxULBXI coding sequences, we have screened cDNA libraries and have also used direct amplification of Lbxl clones by a modification of anchored PCR (Loh et al., 1989) where DNA from cDNA libraries was used as a template. Prior to screening, we tested several mouse and human cDNA libraries using PCR primers designed to amplify the homeoboxes or the 3' flanking regions, and found that only libraries from 9 to lZday-old mouse embryos and 8-week-old human fetuses contain Lbxl/LBXI clones. PCR amplification of the 5' region of Lbxl from a murine library provided only a short (165 bp) cDNA clone, which nevertheless extended beyond the splice site and allowed us to map the 5' exon (Fig. IC) . On the other hand, two larger overlapping cDNA clones were isolated from the 8 week embryo human library: LBXIW (1.1 kb) and LBXUl (2.1 kb) (Fig.  1C) . They contained a poly-(A) stretch preceded by an AATAAA polyadenylation signal located 166 bp downstream from TGA stop codon for the shorter ( Fig. 2A) and 1038 bp for the longer one (not shown). The longer cDNA clone LBXl/I extended beyond LBXIN (Fig. 1C) and was continuous, both 3' and 5', with the genomic sequence.
In order to estimate whether the LBXIA cDNA clone is full-length at its 5' extremity and/or to map the transcriptional start site(s), we performed primer extension experiments on RNA from a human fibroblast cell line GM07693 (carrying a t(10;14) translocation) which expresses LBXl. One major product whose extremity matches that of the LBXIA cDNA clone was obtained, as well as five 'minor' products (not shown). Primer extensions on 9.5 dpc mouse embryo RNA were also performed and a single product which ended at the same position as the major human extension product, was observed ( Fig. 2B ). We therefore conclude that a transcription start site is located at position (+l) of Fig. 2A . The upstream genomic region (shown only for the mouse Lbxl gene; Fig. 2A ) is devoid of a canonical TATA box, but instead contains numerous GC stretches which are typical of certain eukaryotic promoters. The LRXl open reading frame (ORF) extends up to an ATG codon located 319 bp from the splice site. As there is no other in-frame ATG between this codon and the RNA transcription start site (position +l in Fig. 2A) , we conclude that the ATG at position +141 represents a translational initiation codon. Thus, the human LBXI 
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LBXl ( gene would be translated into a 280 residue protein encoded by 2 exons separated by a 65 1 bp intron, and led by a 140 bp 5' untranslated region. An alignment of the human and murine genomic sequences shows a very tight structural conservation of the LBXULbxl locus. In addition to the conservation of the ORF and the 5' untranslated regions (65% identity), which align without a single gap, the introns size (about 650 bp) and sequence (69% nucleotide identity) were significantly similar. The 3' untranslated regions displayed surprisingly high sequence similarity (82% identity), and the sequence conservation extended even beyond polyadenylation signal ( Fig. 2A ). The LBXl and Lbxl protein sequences are extremely conserved (94% identity), with only 16 amino acid substi- tutions including one inside the homeodomain (Fig. 2C) . Altogether, the LbxULBXZ genomic loci display some structural similarities with Hex transcription units: in both instances, the protein sequences are encoded by 2 exons separated by a short intron, the homeobox being located toward the 5' extremity of the second exon.
Mammalian Lbx and Drosophila Lady bird genes belong to the same class of homeobox genes
Human LBXl and mouse Lbxl are very similar to Drosophila Lady bird homeodomains (85% and 87% identity with Lbl, respectively; Fig. 3A ) but differ from all other homeodomains.
The highest similarity was found with the mammalian T-cell proto-oncogene HOXll homeodomain (57% identity) which, like the Lady bird homeodomains, contains a threonine residue (ThIA'I) at position 47 (important for DNA recognition), instead of the more common Ile47/Va147. These features put the mammalian and Drosophila lady bird genes in a distinct family encoding a novel type of ThP7 homeodomain. The flanking residues and located downstream of the homeodomains were also conserved between mammalian and Drosophila lady bird gene products. These were a PKK triplet
sequence at the C-terminal side and a short stretch of poly-glycine or poly-alanine located towards the carboxyl terminus of the proteins respectively (Fig. 3B) sequences showed no significant interspecies conservation, the comparison presented in Fig. 3 shows clearly that Lady bird proteins belong to the same family.
Chromosomal assignment of mouse and human Lbx genes
The chromosomal location of the Lbxl and LBXI genes was determined by in situ hybridization on metaphase spreads of mouse or human lymphocytes, with the Lbxl NotI-Not1 genomic probe (see Fig. 1C and Section 4). The distribution of labeled grains (Fig. 4A ) assigned the Lbxl gene to the 19D band of the murine genome which is known to be homologous to the human lOq24 region. Indeed, in situ hybridization on human chromosomes indicated that LBXI maps to the bands lOq24.1-lOq25.2 (Fig. 4B) where it colocalizes with the T cell proto-oncogene HOXII, which shows the highest sequence similarity with LBXI. The Drosophila counterparts of HOXlI and LBXI, the 93Bal and lbe/lbl genes also map to the same interval (93D/E) of the third chromosome (Fig. 4C) . Thus, the chromosomal linkage between Ludy bird and HOXI 1/93Bal genes has been conserved. We do not know, however, the distance that separates Lbx and HOXIl genes, since we have not found any HOXll sequences by Southern blotting in Lbxl or LBXI genomic clones which cover -22 kb and -29 kb, respectively. (Masiakowski et al., 1982) . (B) Northern blot of total RNA isolated from 10.5 and 11.5 dpc mouse embryos and hybridized to a Lbxl 520 bp probe (see Section 4). (C) Northern blot analysis of various adult mouse tissues (Clontech), using the same probe.
Specific expression of Lbxl in the developing central nervous system and muscle
We have used reverse transcriptase-PCR (RT-PCR) to define the temporal profile of Lbxl gene expression during mouse development.
Lbxl transcripts were clearly visible from 9.5 dpc, reached a peak at 10.5-l 1.5 dpc, and decreased progressively up to a 'background' level by 16.5 dpc (Fig. 5A ). Northern blot analysis (Fig. 5B,C) showed that Lbxl produces three distinct transcripts of -1.2, 1.5 and 3.5 kb which may correspond to Lbxl gene transcripts using different polyadenylation signals. The size of the smallest transcript (1.2 kb) is in agreement with usage of the polyadenylation signal identified in the human LBXIN cDNA clone (Fig. 2A) .
The spatial distribution of Lbxl transcripts during mouse development was investigated by in situ hybridization of 35S-labe11ed antisense riboprobes on serial cryosections of 8.5-16.5 dpc embryos and of digoxigeninlabelled riboprobes on whole-mounts of 8.5 and 9.5 embryos. Lbxl expression appeared to be restricted to the developing central nervous system and to presumptive muscle cells. For the sake of clarity, these two expression domains are described separately.
In the CNS, Lbxl expression was first detected in 10.5 dpc embryos (Fig. 6A) , and was observed until the latest stage studied (16.5 dpc). Lbxl transcripts displayed restricted expression both along the rostrocaudal and dorsoventral axes (Fig. 6) . Lbxl was expressed in the entire spinal cord and hindbrain (Fig. 6A,B) , and displayed a sharp rostra1 boundary within the metencephalon (Fig.  6C, 11 .5 dpc). The boundary was seen on lateral section planes crossing the alar plate but not in more media1 planes crossing the basal plate where Lbxl was not significantly expressed (see below). Comparative in situ analysis confirmed that Lbxl transcript boundary was located more caudally than Wnt-Z transcripts which mark the met-mesencephalon boundary (data not shown). At later stages, Lbxl rostra1 boundary was slightly rostra1 to the pontine flexure (Fig. 6D ). That this boundary was not as well defined at late developmental stages (Fig. 6D , and data not shown) may be due to slight morphogenetic movements or asynchronous growth in the neuroepithelium. There was no detectable expression of LbxZ in the developing cerebellum, which derives from the most dorsal part (the roof plate) of the metencephalon (e.g. Fig.  6B,D) . On transverse sections of the hindbrain, Lbxl transcripts were found in part of the alar plates, but not in the more ventral basal plates (Fig. 6E ). They were distributed in the mantle layer but were excluded from the germinative (mitotic) epithelium lining the ventricular cavity (Fig.  6C,E) . Lbxl expression was also restricted at all stages to dorsal regions of the spinal cord (Fig. 6B) . On transverse sections, Lbxl transcripts were dorsal to the sulcus limitans, which separates the (dorsal) alar plate and the (ventral) basal plate (Fig. 6F) . Thus, Lbxl was specifically expressed in the mantle layer of the spinal cord alar plates (Fig. 6F) .
There was no detectable Lbxl labeling in whole mount or sectioned 8.5 dpc embryos. In particular, there was no detectable expression in somitic mesoderm (Fig. 7A) . At 9.5 dpc, labeling was highly restricted to presumptive myogenic cells in the lateral regions of the differentiating somites at the level of the forelimb buds (Fig. 8A,B) . Corresponding regions were labeled at 10.5 dpc (Fig. 6A) , as well as dispersed cells among the forelimb and hindlimb buds (Fig. 7B) . These might correspond to early myogenie cells which have colonized the limb mesenchyme. Indeed, the dorsal and ventral presumptive muscle masses of the limbs were specifically labeled at 11.5 dpc (Fig.  7C) . Weak signals were detected at 13.5 dpc in various limb muscles (Fig. 7D, shoulder region) , as well as in the tongue and developing muscle pectoralis (Fig. 7E) . There was no clear labeling in dorsal (spinal) or intercostal muscles (data not shown). The in situ signals in develop- Fig. 6 . Lbxi expression in the developing central nervous system. (A) Sagittal section of a 10.5 dpc embryo, hybridized to Lbxl antisense riboprobe. In this and the following panels, the left-hand side picture is a bright-field view showing the histology, and the right-hand side picture is a dark-field view where the silver signal grains appear white. Lbxl transcripts are expressed in the hindbrain, the dorsal part of the spinal cord (which is sectioned in caudal regions) and in probable myogenic precursors. (B) Sagittal section of a 16.5 dpc fetus, enlarged at the level of the cervical spinal cord and hindbrain. (C) Sagittal section through the lateral part of the head of a 11.5 dpc embryo. (D) Sagittal section through the lateral part of the head of a 13.5 dpc fetus. Note in (C) and (D) the well-defined rostral transcript boundary in the metencephalon. (E) Transverse section through the hindbrain (myelencephalon) of a 12.5 dpc fetus. (F) Transverse section through the thoracic spinal cord of a 15.5 dpc fetus. Abbreviations: ap, alar plate; bp, basal plate; ce, cerebellum; di, diencephalon; fp, floor plate; hb, hindbrain; ie, inner ear; m, presumptive myogenic cells; mes, mesencephalon; met, metencephalon; my, myelencephalon; pf, pontine flexure; pv, prevertebrae; rp, roof plate; SC, spinal cord; sl, sulcus hmitans; tel. telencephalon; tg, trigeminal ganglion; to, tongue; IV, fourth ventricule.
ing muscles fell to almost background levels at 15.5 dpc, and were undetectable at 16.5 dpc (data not shown). In situ hybridization on adult thigh muscle sections confirmed the Northern blot data (Fig. 5C) , revealing a diffuse expression of Lbxl among myocytes (Fig. 7F) .
Discussion
Here we report the cloning of a human and a murine gene which harbor a novel type of mammalian homeoboxes highly related to those of Drosophila lady bird genes (Jagla et al., 1994) . Interestingly, the Drosophila and mammalian Lady bird homeodomains share an unusual amino acid substitution at position 47, where a threonine residue replaces the isoleucine or valine residue found in the majority of homeodomains. As shown previously for HOXll (Dear et al., 1993) , this substitution allows the recognition of both TAAT-and TAACcontaining binding sites. There is a very high sequence conservation between mouse Lbxl and human LBXl, not The labeling along the margin of the sections is an artefact due to probe accumulation along one edge of the section; this was not systematically seen on adjacent sections. (D) Sagittal section through the shoulder region of a 13.5 dpc fetus, showing weak labeling in the various muscle groups. (E) Sagittal section through the tongue of a 13.5 dpc fetus, showing labeling in the tongue and developing muscle pectorahs. The labeling is only slightly above background signal grain. (F) Section through the muscles of the thigh of a 10 weeks old adult mouse. Notice the hybridization signal in muscle cells, but not towards the left side of the sample which contains adipose tissue. Abbreviations: dmm, dorsal muscle mass; fl, forelimb bud; hl, hindlimb bud; hu, humerus; md, mandible; nt, neural tube; pc, muscle pectoralis; so, somite; th, thoracic body wall; to, tongue; vmm, ventral muscle mass. only in the entire coding region, but also along both the 5' and 3' untranslated regions. Both genes use the same splice donor and acceptor sites and are interrupted by an intron that is highly conserved between species. Altogether, these data show that mouse Lbxl and human LBXI are true orthologous genes which may share conserved transcription initiation sites and regulatory regions.
LBXI is chromosomally linked to HOXI I
LBXZ and Lbxl genes map to syntenic chromosomal regions, in the human lOq24.1-lOq25.2 and in the mouse 19D. Interestingly, in the human lOq24 region the t(7; lO)(q35;q24) and t( 10;14)(q24;qll) translocation breakpoints involved in certain T cell leukemias have been described (Hatano et al., 1991; Kennedy et al., 1991) , as well as the integration site of the human papillomavirus 'type 6a in a tonsillar carcinoma (Kahn et al., 1994) . The molecular cloning of the t( 10;14)(q24;qll) breakpoint in a T cell lymphoblastic leukemia has demonstrated that HOXll is activated following its translocation into the T cell receptor locus and it was thus incriminated as a proto-oncogene (Hatano et al., 1991 , Kennedy et al., 1991 . HOXll possesses the highest similarity with LBXl among all mammalian homeodomains and it is thus likely that LBXI and HOXZI may have arisen from a tandem duplication of a common ancestral gene. Although we do not yet have direct evidence for an oncogenie potential of LBXl, it is noteworthy that LBXI was found to be expressed in ten out of the twelve human tumor cell lines that were analysed (our unpublished results).
The Drosophila orthologues of LBXl and HOXl I both map to the 93D/E cluster of the Drosophila third chromo- Fig. 8 . Whole-mount in situ hybridization of a 9.5 dpc embryo with a Lbxl probe. (A) General (facing) view of the embryo. (B) Enlarged view of the forelimb buds seen dorsally. Labeling is observed in segmented group of cells lateral to the somitic region, specifically at the levels of the forelimb buds (arrows). The staining in the forelimb cavity is attefactual. Abbreviations: tb, forebrain; fl, forelimb buds; nt, neural tube; tb, tail bud. some (Jagla et al., 1994) indicating that the chromosomal proximity of these genes has been conserved throughout evolution. These observations suggest that it may be interesting to verify whether human homologs of other members of the Drosophila 93DE cluster (such as tin, bap and NKUS.59) also map to the lOq24 region. The chromosomal location of Csx, a tin homologue, (Komuro and Izumo, 1993 ) is unknown. The physically linked Imr and Kbx genes (fin and bap homologues) (Komuro and Izumo, 1993) have not yet been mapped nor has the mouse, NK-1 homologue, Nkx-1.1 (Bober et al., 1994) . Whether the Drosophila 93D/E homeobox gene cluster has a vertebrate counterpart remains thus an open question.
Differential in vivo regulation of HOXIl/Tlx-1 ana! Lbxl gene expression
HOXll
and Lady bird homeodomains share a common Ile47/Thr'r7 substitution resulting in similar DNA binding preferences (Dear et al., 1993; Jagla et al., unpublished) . This suggests possible functional relationships in embryonic tissues or regions where both gene products might be co-expressed. Our expression analysis reveals, however, that the developmental transcript patterns of Lbxl and HoxlZ/TZx-1 (Raju et al., 1993) are clearly dis-
tinct. Although
Lbxl and Tlx-1 are potentially coexpressed in the developing CNS, their rostro-caudal and dorsoventral transcript distributions differ. Tlx-I transcripts are not restricted to the dorsal regions of the spinal cord and their rostra1 boundary is at the level of the spinal cord/hindbrain junction, i.e. more posterior than that of Lbxl. The limited expression domain of Tlx-I at the ponsmedulla junction is located near the midline, whereas Lbxl transcripts in the same area are located more laterally. The other sites of Tlx-1 expression such as the external ear, tooth buds, submandibular glands or pancreas are not shared by Lbxl either. Thus, despite the fact that Lbxf and HOXll/Tlx-1 are related by their sequence and chromosomal location, they do not share an obvious common regulation. The only system where functional interactions may occur would be the CNS where both genes are imperfectly co-expressed.
Lbxl gene expression during muscle and central nervous system development
Lbxl starts to be expressed at 9.5 dpc in the paraxial mesoderm which is adjacent to the forelimb buds. Both forelimb and hindlimb developing muscles express Lbxl at later stages. Ventral body wall muscles such as the muscle pectoralis express Lbxl whereas dorsal (axial) muscles do not seem to express this gene. These observations, added to the fact that Lbxl is apparently not expressed in myotomes, suggest that its transcripts might be restricted to the myogenic cell lineage originating from the lateral half of the somite (Ordahl and le Douarin, 1992 and refs. therein).
Lbxl expression is restricted both temporally and spatially within the developing CNS. That Lbxl transcripts are not expressed in the germinative (ventricular) epithelium, but rather in the mantle layer of the spinal cord and hindbrain, suggests that the L.bxl gene product may control some aspects of neuronal differentiation or patterning rather than stimulating cell proliferation. Lbxl transcripts are clearly restricted to the dorsal (alar) columns of the developing spinal cord. These columns mainly produce association neurons which interconnect processes from sensory neurons located in the dorsal root ganglia to motor neurons located in the ventral columns. Lbxl is expressed according to the same logic in the alar columns of the myelencephalon and metencephalon, which will form the sensory nuclei of various cranial nerves.
A major feature of Lbxl transcript expression is its sharp rostra1 boundary located in the metencephalon, slightly anterior to the pontine flexure. Several other homeobox-containing genes have been shown to display sharp expression boundaries in various regions of the developing brain. Certain Hox genes display rostra1 expression limits which coincide with inter-rhombomeric boundaries, the most anterior Hox gene expression domain (Hoxa-2) extending up to the second rhombomere (Hunt et al., 1991) . On the other hand, the mammalian engrailed homologs (En-I, En-2) are expressed in a more rostra1 region centered at the mesencephalon/metencephalon boundary and extending into the pons, the cerebellum and the mesencephalon (Davis and Joyner, 1988) . The Wnt-I gene has a more limited expression domain at the met-mesencephalic boundary and is believed to be responsible for the induction or maintenance of En gene expression (Bally-Cuif et al., 1992) . Altogether, the LbxZ rostra1 expression corresponds to a region which is intermediate between the Hox rhombomeric domains and the En-l and -2 met-mesencephalic domains. Lbxl might thus provide specific patterning information to the caudal metencephalon.
The Pax-3 and Pax-7 genes, as Lbxl, are expressed only in the dorsal alar plate of the developing spinal cord (Goulding et al., 1991; Gruss and Walther, 1992) . Both of these Pax genes are expressed however in the mitotic cells of the ventricular zone, whereas Lbxl is expressed in the cells of the mantle layer which have arrested mitosis and are engaged in differentiation.
Lbxl also continues to be expressed later than the Pax genes during development. These expression patterns suggest that the Par-3 and /or Pax-7 genes might be required for the induction of Lbxl gene expression upon the end of mitosis. We also note that the Wnt4 gene is specifically expressed in the alar plates of the embryonic spinal cord and that its expression precedes that of Lbxl (Parr et al., 1994) . Altogether it is striking that some members of the Wnt and Pax gene families have expression patterns whose temporal and spatial relationships with Lbxl expression are similar to the relationships between the Drosophila counterparts wingless, goosberry and lbe/lbl.
Experimental procedures
PCR amplification of mammalian lady bird homeobox sequences
Mouse or human genomic DNA (200 ng) were used as templates for PCR with degenerate primers (Fig. lA) , as described previously (Jagla et al., 1994) . The amplified BamHVHindIII homeobox-containing fragments were subcloned in pBluescript SK+ and sequenced by the dideoxynucleotide method.
Screening of genomic and cDNA libraries
Genomic DNA libraries from mouse ES cells and human placenta (in A GEM12) were screened at high stringency with the 32P-labelled 183 bp PCR probe amplified from mouse genomic DNA (see above). Positive clones were mapped with EcoRI, Hind111 and Not1 restriction enzymes and the homeobox-containing N&I-Nor1 fragments from both mouse and human clones were subcloned into pBluescript SK+. Their sequence was determined with an automatic Applied Biosystem sequencer and a series of specific oligonucleotide primers. To isolate Lbxl cDNA, several cDNA libraries were tested by PCR with primers designed to amplify either the Lbxl homeobox or the 3' coding region.
As the screenings of murine cDNA libraries were unsuccessful, we have used a modification of anchored PCR (Loh et al., 1989) to amplify mouse Lbxl cDNA from a 10-12 dpc embryo cDNA library. cDNAs-containing 1 phages (2 x lo8 PFU) were used as a template for 30 cycles of PCR with the homeobox-specific primer S-ATAGGTACCTGGTCGC GATCTGCCGGG-3' and the 1 specific primer 5'-TAGGCCTITCTGGCCGGACG-3'. The amplified fragments were purified and blunt-end cloned in pBluescript. In parallel, screening of a human cDNA library from 8 week fetuses, using the homeoboxspecific probe, yielded two positive clones which were sequenced, and compared with the corresponding genomic regions.
Primer extension analysis
Primer extension experiments were performed as described in Ausubel et al. (1992) with minor modifications. The end-labelled primer complementary to the mouse Lbxl sequence (positions 215-234, Fig. 2A ) was purified on a 5% native polyacrylamide gel, mixed (about 1.2 x lo6 cpm) with 2Opg of 9.5 dpc mouse embryo total RNA and heated 5 min at 70°C. The annealing was performed by cooling the mixture slowly to the room temperature. The primer extension was carried out for 1 h at 37°C using 200 U of M-MLV reverse transcriptase and 35 U of RNasin. The products were analyzed by autoradiography of a 7% polyacrylamide/8 M urea sequencing gel.
Gene mapping by chromosomal in situ hybridization
In situ hybridization was carried out on chromosome preparations obtained from concanavalin A-stimulated mouse lymphocytes or phytohemagglutinin-stimulated human lymphocytes cultured for 72 h. To ensure a posthybridization chromosomal banding of good quality, 5-bromodeoxyuridine (60 @ml medium) was added for the final 7 h of culture. The NotI-Not1 murine Lbxl genomic fragment was labelled with tritium by nicktranslation to a specific activity of 6 x lo7 dpm/,,g, and hybridized to metaphase spreads at a final concentration of 200 ng per ml of hybridization solution as previously described (Mattei et al., 1985) . After coating with nuclear {rack emulsion (Kodak NTB2), the slides were exposed for 14-20days at +4"C, then developed. To avoid any slipping of silver grains during the banding procedure, chromosome spreads were first stained with buffered Giemsa solution and metaphases photographed. R-banding was then performed by the fluorochrome-photolysisGiemsa method and metaphases re-photographed before analysis.
RT-PCR and Northern blot analyses
Total RNA from staged mouse embryos was prepared by the guanidine thiocyanate-LiCl method (Cathala et al., 1983) . For the RT-PCR assay, 5 yg of RNA was added to the reaction mixture containing the homeobox specific pair of primers S'-GGCGAAAATCACGCACGGCCTT-3'; 5'-GATGTCCATCTGCCCGCTGGGG-3', dNTPs and standard PCR buffer. The reaction was performed using a program that allowed the reverse transcription to be associated with the amplification. After the initial denaturation (3 min at 94°C) and cooling to 50°C during 10 min, AMV reverse transcriptase (6 U) and Taq polymerase (2.5 U) were added to obtain a final reaction volume of 100~1. Reverse transcription was performed for 15 min at 50°C and subsequent amplification through 30 cycles of PCR (94°C for 50 s, 66°C for 30 s and 72°C for 1 min). Control RT-PCR was performed with primers for the ubiquitously expressed 36B4 gene (Masiakowski et al., 1982) . The amplified fragments were separated on 2% agarose gel, blotted and hybridized with a 32P endlabelled internal oligonucleotide probe.
For the Northern blot analysis, RNA was fractionated on a formaldehyde 1% agarose gel, transferred to a nylon membrane and hybridized .following standard protocols. Commercially available blot of adult mouse tissues (Clontech) were also used. The 520 bp probe (corresponding to the homeobox-containing exon) used in these experiments was shown to hybridize to only one band on genomic Southern blots (data not shown).
In situ hybridization
Pregnant mouse females from natural overnight matings (morning of vaginal plug was considered as 0.5 dpc) were sacrificed by cervical dislocation, and the embryos were collected in PBS. The embryos were then placed in moulds containing OCT embedding medium (Miles) and frozen on the surface of dry ice, as described in DCcimo et al. (1995) . For whole-mount in situ hybridization, the embryos were fixed in 4% paraformaldehyde, dehydrated and stored in methanol at -20°C prior to hybridization.
Several Lbxl subclones in pBluescriptSK+ encompassing both the S-exon and homeobox containing 3'-exon were used as templates for in vitro transcription reactions including
[35S]CTP (Amersham) to produce antisense riboprobes (according to the manufacturer's instructions). A 520 nucleotide probe corresponding to the 3' coding region (including the homeobox) gave the best signal-tonoise ratio, and was used routinely. Probe length was reduced by a 45 min alkaline hydrolysis with Na2C03 (pH 10.2). In situ hybridization on sections of 8.5-16.5 dpc mouse conceptuses and of adult tissues was carried out as described in DCcimo et al. (1995) . Note that Lbxl expression levels were weak at all stages and yielded very poor signals on sections of paraffin embedded embryos (which are suitable, e.g. for the analysis of Hox gene expression). Therefore, we have chosen to perform in situ hybridization on cryosections which is more sensitive (DCcimo et al., 1995) , but provides poorer histological resolution. The times for emulsion autoradiography were 34 weeks. The same riboprobe was used after labeling with digoxygenin-1 l-UTP (Boehringer-Mannheim) for whole-mount in situ hybridization on 8.5 and 9.5 dpc embryos as described by Dtcimo et al. (1995) .
